This paper presents the results from a 28 GHz channel sounding campaign performed to investigate the effects of outdoor to indoor penetration on the wireless propagation channel characteristics for an urban microcell in a fixed wireless access scenario. The measurements are performed with a realtime channel sounder, which can measure path loss up to 169 dB, and equipped with phased array antennas that allow electrical beam steering for directionally resolved measurements in dynamic environments. Thanks to the short measurement time and the excellent phase stability of the system, we obtain both directional and omnidirectional channel power delay profiles without any delay uncertainty. For outdoor and indoor receiver locations, we compare path loss, delay spreads and angular spreads obtained for two different types of buildings.
I. INTRODUCTION
The number of connected devices and their data requirements have been increasing exponentially. Especially with the introduction of new technologies such as augmented reality, virtual reality, and Ultra-HD video streaming, monthly global IP traffic is expected to reach 278 exabytes by 2021 [1] . So far this demand for broadband internet is fulfilled mostly with fiber-optical links. An approach challenging costly fiber-optical deployments is leveraging the use of Fixed Wireless Access (FWA), also known as Local Multi-point Distribution Service (LMDS).
When combined with the large bandwidth available at millimeter-wave (mm-wave) frequencies, Gbps broadband connections to multiple users can be realized via FWA [2] [3] . The prospect of utilizing the fallow spectrum at the frequencies higher than 6 GHz fueled the interest in mm-wave propagation channel measurements [4] [5] [6] . Especially, the 28 GHz band attracts a lot of interest thanks to comparatively lower hardware and implementation costs due to a relatively lower carrier frequency.
An accurate channel model is crucial for an efficient wireless system design. Outdoor to indoor penetration loss is one of the most important factors of affecting the deployment of FWA or similar systems. Especially at mm-wave frequencies, the penetration loss is shown to be higher and highly sensitive to the small changes in the material types. Furthermore, at mmwave frequencies, the angular characteristics of the propagation channel are of the utmost importance, since these systems envisioned to be highly dependent on the beam-forming gain to overcome higher path loss at higher frequencies [7] .
Most of the current literature at 28 GHz focus on outdoor to outdoor measurements. Deviating from this trend, [8] performed outdoor to indoor measurements at 28 GHz by using a rotating horn antenna channel sounder which can provide an accurate absolute delay information. They observed a larger number of clusters, larger excess delays and larger angular spreads indoor. However, there was a limited number of indoor RX locations and a single type of building was investigated. In [9] , the authors showed that the excess loss due to outdoor to indoor penetration at 28 GHz can vary from 3 dB to 60 dB depending on the RX location and the construction material types. Ref. [10] investigates the penetration loss for external and internal walls at different carrier frequencies ranging from 0.8 GHz to 28 GHz, and proposes a linear model for frequency dependency of the penetration loss. In [11] , the authors present results for penetration loss and reflection coefficient measurements for different types of building materials. For example; the penetration loss for clear glass is measured as 3.9 dB while it is 40 dB for tinted glass. A summary of penetration loss results, and a frequency-dependent model, is given in [12] and also used in 3GPP. None of references [9] - [12] provide any delay or angular statistics.
There are other studies investigating the outdoor to indoor propagation channel at different mm-wave frequencies. Ref. [13] provides delay and angular statistics at 20 GHz. For a urban microcellular environment, [14] presents the penetration loss at 26 GHz and 37 GHz, and compares these with microwave frequencies. Finally the references [15] , [16] and [17] discusses outdoor to indoor propagation measurement campaigns performed around 60 GHz.
In this work, we present the results from a 28 GHz channel sounding campaign performed to investigate the effects of outdoor to indoor penetration on the channel characteristics for a fixed wireless access scenario. Similar to a real deployment, the measurements capture the combined effect of path loss, foliage loss and the outdoor to indoor penetration loss. A realtime channel sounder equipped with phased array antennas was used for the measurements [18] . The phased arrays form beams at the different TX and RX angles and switch between these beams in microseconds, enabling directionally resolved results while ensuring minimal variation in the environment during the measurements. We provide examples of power delay profiles and extracted multi-path components (MPC) and compare path loss, delay spread and angular characteristics for indoor and outdoor RX locations.
The rest of the paper is organized as follows. Section II describes the measurement equipment and the configuration during this channel sounding campaign. Section III provides details about the two measurement scenarios under investigation. Section IV presents results for path loss, delay and angular statistics for indoor and outdoor RX locations. Finally, Section V summarizes results and suggests future work.
II. MEASUREMENT SETUP
In this campaign, we used a switched-beam, wide-band mmwave sounder with 400 MHz real-time bandwidth [18] . The sounding signal is a multi-tone signal which consists of equally spaced 801 tones covering 400 MHz. A low peak to average power ratio (PAPR) of 0.4 dB is achieved by manipulating the phases of individual tones as suggested in [19] . This allows us to transmit with power as close as possible to the 1 dB compression point of the power amplifiers without driving them into saturation.
Both the TX and the RX are equipped with 2 by 8 rectangular phased array antennas capable of forming beams that can be electronically steered with 5 • resolution in the range of [−45 • , 45 • ] in azimuth and [−30 • , 30 • ] in elevation. During this measurement campaign we utilize a single elevation angle 0 • with 19 azimuth angles for the TX, and 7 elevation angles along with 19 azimuth angles for the RX. With an averaging factor of 10, the total sweep time is 101.08 ms for 2527 total beam pairs. Since phased arrays cover 90 • sectors, we rotated the RX to {0 • , 90 • , 180 • , 270 • } to cover 360 • while using a single orientation at the TX. Consequently, for each measurement location, we obtain a frequency response matrix of size 7 by 72 by 19 by 801.
Moreover, thanks to the beam-forming gain, the TX EIRP is 57 dBm, and the measurable path loss is 159 dB without considering any averaging or spreading gain. Including the averaging ratio used in this campaign the measurable pathloss is 169 dB. By using GPS-disciplined Rubidium frequency references, we were able to achieve both short-time and longtime phase stability. Combined with the short measurement Table I summarizes the detailed specification of the sounder and the sounding waveform. References [18] and [20] discuss further details of the sounder setup, the validation measurements, and the data processing.
III. MEASUREMENT CAMPAIGN The measurements were performed at two different locations on the University of Southern California campus. In both cases, the RX was on the first floor, while the TX height was on a scissor lift at the height of 5 m imitating an urban micro-cell (UMi) scenario. To investigate the more challenging cases, we chose buildings surrounded by foliage and made sure the angle of the direct path is narrow with respect to the front facade of the target building. Figure 1 shows TX and RX locations on the campus for the first location. The building is a two-story, detached, single family unit built using wood frames, as is typical in California. There is also a covered, first-floor patio wrapping around the building. Measurement points are marked in Figure 2 . There are 5 outdoor points placed right in front of the windows on the patio. 12 indoor measurement locations are placed throughout the room as the furniture allows. All RX points have the same height. The TX is placed on the same street with the house at a distance of 185 m at an angle of 10 • according to the given TX RX Figure 1 . The direct path from TX to the house is blocked by foliage from trees. Additionally, points O1 and O2 are also shadowed by the building across the street.
A. Single Family Unit

B. Multi-Story Building
The second building is a multi-story, brick building (MSB) surrounded by heavy foliage as shown in Figure 3 . The TX-RX distance is 114 m, and the angle of the direct path is 16 • . Three outdoor measurement locations are just outside of the three front-facing windows. For each window, there are three indoor locations placed on a line along with the corresponding outdoor point. The distances from the indoor measurement points to the window are 0.4 m, 1.4 m and 2.4 m, Figure 4 .
IV. RESULTS
In this section we compare the path-loss, root mean square delay spreads (RMS-DS) and direction of arrival (DoA) statistics for outdoor and indoor measurements for both scenarios. Figure 5 shows the power delay profiles (PDP) for an outdoor (O3) and an indoor (I6) RX points. In this particular case, the excess loss due to penetration is as high as 21 dB. Figures 6 and 7 respectively show the path gain values and their cumulative distribution functions for all RX points. The free space path loss for 185 m at 28 GHz is 106.7 dB. However due shadowing from foliage, the path-loss for the outdoor RX locations varies between 117 dB to 135 dB with a mean of 127.8 dB. According to the path-loss model in [21] , based on measurements in a similar environment, the anticipated path loss is 127.4 dB for the distance of 185 m which shows a good agreement with our results. The mean path loss for indoor locations is 138.4 dB, which is 10.6 dB higher than the meanoutdoor path loss. However if the immediate points outside and inside of the windows are compared, the excess loss vary from 1 dB to 21.5 dB depending on the windows' positions.
The mean (DoA) and the directions of the RX beam with the highest power in azimuth are also shown in Figure 6 . Although the mean angular spreads are similar for outdoor and indoor measurements, the ranges of values differ significantly as seen in Figure 8 . This has important implications for system design. Deployment of antennas indoors might require higher adaptivity of the antenna pattern, and the angular spread could change drastically when relocating the antenna within a room. Figure 9 shows the RMS-DS. As also seen in the CDFs in Figure 10 , indoor and outdoor RMS-DS values do not differ significantly. As summarized in Table II the means, the medians, and the ranges of RMS-DS are fairly similar for the two cases. Furthermore, when the two data sets are compared by using a two-sample Kolmogorov-Smirnov test [22] , the null hypothesis of these two data coming from the same underlying distribution is not rejected with a 5% significance level. Figure 11 shows the path gains for all measurement locations in the MSB. Since for all indoor locations, multi-path components undergo similar propagation paths, the observed path gains don't vary significantly. The mean path losses for outdoor and indoor locations are 117 dB and 139.7 dB, respectively. Hence mean excess loss due to outdoor to indoor penetration is 22.7 dB. As anticipated, due to the brick walls and the smaller number of windows compared to the SFU case, the penetration loss is much higher. Note that neither of these buildings uses energy-saving windows (which would have a much higher attenuation).
The detected MPCs, by using the method described in [20] , are shown in Figures 14 and 15 for points O1 and I1, respectively. For all indoor locations except I6 and I7, we observed similar angular characteristics where all the significant MPCs are through the front windows. For those two points, the strongest MPC was the one through the hallway on the upper right side of the Figure 11 . The mean angles and the direction of the best RX beams are marked with red and black arrows in Figure 11 . The observed angular spreads are similar for the indoor and outdoor RX points, however, due to the limited number of outdoor locations, it is not certain that the results can be generalized. Compared to the SFU case, the observed angular spread values are within the same range. Figure 16 shows the RMS-DS. For indoor locations, we observed higher RMS-DS in MSB. In fact, the minimum RMS-DS observed 
V. CONCLUSION
In this paper, we presented results from a channel sounding campaign focusing on outdoor to indoor wireless propagation channel for a micro-cellular scenario at 28 GHz. We presented results for path-loss, penetration loss, delay spread and angular spread statistics for two different type of housing. We observed mean excess losses of 10.6 dB for the single-family unit and 22.7 dB for the multi-story brick building. For the single-family unit, we also observed that the delay spread statistics are similar for outdoor and indoor receiver locations. However, compared to the single-family unit, the delay spreads in the multi-story building were much larger. In the future, we will perform more measurements to consider other types of buildings and different receiver heights. Finally, we will also try processing the data by using high-resolution parameter extraction such as RIMAX to gain more insights.
